Abstract: This work investigates the distribution between phases of tert-dodecyl mercaptan (t-DDM) in systems containing styrene (St), polystyrene (PS), and polybutadiene (PB) with the aim of studying its effect on the molecular macrostructure of High-Impact Polystyrene (HIPS) produced via the bulk process. Experimental work involved the study of several St/PS/PB/t-DDM blends, and of 2 polymerizations of St in presence of PB (with and without t-DDM). Blends were prepared with increasing PS/St ratios to emulate monomer conversions of 7, 9, 11, 13, and 15%, employing 2 base PSs of different molar masses, and several total concentrations of t-DDM. Measurements by Proton Nuclear Magnetic Resonance ( 1 H NMR) indicate that t-DDM is almost evenly distributed between the phases at room temperature. In addition, for samples taken along the 2 investigated polymerizations, monomer conversion, grafting efficiency, and free PS molecular weights were measured. Theoretical work involved first to model the species partitions through the Flory-Huggins theory [1]; and then, to combine such partition model with a polymerization model extended from that by Casís et al. [2] . Theoretical estimations were in good agreement with experimental determinations. Simulations suggest that t-DDM partition coefficients exhibit a weak dependence with temperature, but a strong dependence with its total concentration. Also, the combined partition/polymerization model indicates that the free PS contained in the occlusion regions exhibits lower molecular weights than that in the continuous matrix.
Introduction
High-Impact Polystyrene (HIPS) is a heterogeneous material produced via bulk polymerization of styrene (St) in the presence of a rubber such as polybutadiene (PB) or a butadiene (Bd)-St block copolymer. The final material is composed of approximately 80% of free polystyrene (PS) and 20% of a Bd-St graft copolymer (GC), containing rubber particles dispersed in a vitreous PS matrix. The rubber particles are also heterogeneous with numerous PS occlusions.
The bulk (or quasi bulk) HIPS process involves 4 stages: dissolution, prepolymerization, finishing, and devolatilization. Figure 1 is reproduced from Casís et al. [2] , and it (crudely) describes the reaction path through a ternary St/PS/PB diagram. First, 5-10% w/w of grated PB are dissolved in St. Industrial recipes typically include other compounds such as solvents and mineral oil to lower the viscosity, and chain transfer agents (CTAs) to reduce the polymer molecular weights. At the beginning of the Prepolymerization, a chemical initiator is added (point A in Fig. 1 ). Initially, the mixture is homogeneous, but the thermodynamic incompatibility between the PS and PB chains induces the phase separation, at monomer conversions of around 2% (point B in Fig. 1 ). Between the phase separation and the phase inversion, the continuous phase is rich in PB. During the phase inversion (point C in Fig. 1 ), an unstable co-continuous morphology is developed. After the phase inversion, the PS-rich phase becomes the continuous phase, and the final rubber particle morphology is developed. Along this period, the GC acts as a phase compatibilizer, promotes the formation of particle occlusions, and stabilizes the rubber particles [3, 4] . The finishing stage is gently stirred to avoid destroying the developed morphology, and it is carried out at higher temperatures to reduce the mixture viscosity and to promote the rubber grafting and crosslinking. In the devolatilization stage, the unreacted monomer is separated from the polymer. The final HIPS properties are essentially determined by the particle morphology and by the global molecular structure of the polymer mixture [5] [6] [7] [8] . [2] .
In spite of the relatively low mass transfer between phases of polymers and other reagents at relatively low monomer conversions, the bulk HIPS process has been considered in thermodynamic equilibrium [2, 3, 9] . The HIPS process presents a formidable challenge for measuring the partition of species. The reasons are: i) the GC acts as a compatibilizer, thus making it difficult the phase separation by decantation; ii) there is a continuous variation of the phase volumes and of the species concentrations along the reaction; iii) some species such as initiator or CTA are difficult to quantify because of their low initial concentrations (normally below the detection limits of spectroscopic techniques). 
For the mentioned difficulties, the partitions of St and initiators have been investigated in blends that avoid the polymerization, and do not include the GC [9] [10] [11] . For simplicity, such distributions were described through partition coefficients ( i K ) defined as follows [9] [10] [11] :
where ] [i indicates the molar concentration of species i (i =St, Initiator), and subscripts 1 and 2 indicate the PS-rich and PB-rich phases, respectively.
Ludwico and Rosen [10] measured the partitions of St, 2,2'-azobisisobutyronitrile (AIBN), and benzoyl peroxide (BPO) in blends containing 5% w/w of PB and several St/PS ratios. The experiments were carried out at 0 and 25 ºC, to avoid any thermal and/or chemical initiation. All the coefficients were close to 1. But while the initiators showed a slight preference for the PS-rich phase, the opposite was observed for St [10] . In addition, no significant variations were observed in the partition coefficients at the different analyzed temperatures, initiator concentrations, and emulated St conversions [10] . In a similar study, Bertin et al. [11] determined the partition coefficients of commercial peroxides (3 percarbonates, a perester, and a perketal) in blends containing St, PS, and PB, and emulating the conditions of the HIPS process before the phase inversion. The partitions of these peroxides were all close to 1, exhibiting a weak dependence with the St and initiator concentrations [11] . In spite of the industrial importance of modifiers or CTAs, their partitions along the bulk HIPS process have not yet been investigated.
Consider some articles related to the modelling of the bulk HIPS polymerization. Generally, the models have assumed the reaction mixture as homogeneous, and only 2 works have considered its heterogeneity [2, 10] . Ludwico and Rosen [10] considered the homopolymerization of St in the 2 phases, neglecting that most of the initial PB is transformed into GC. In Casís et al. [2] , a mathematical model was developed for simulating the batch and bulk polymerization of St in the presence of PB. Except for the reactions of chain transfer to the CTA, the global kinetic mechanism adopted in Casís et al. [2] corresponds to that in Table 1 . The following nomenclature was adopted: I is the chemical initiator; ⋅ I is a primary initiator radical; X is the CTA; ) ( P S s is a PS molecule of chain length s ; ⋅ s S is a PS homoradical of chain length s ; P is a PB or copolymer molecule; ⋅ 0 P is a primary rubber radical generated on P ; and ⋅ n P is a non-primary copolymer radical with a growing branch containing n repetitive units of St. The model by Casís et al. [2] follows the polymerization in 2 phases, and calculates the evolution of the phase volumes and the molecular structures of the polymers (i.e., free PS, unreacted PB, and GC) in each phase. The main hypotheses were: i) in each phase, the reaction mixture is homogeneous; ii) the initiator is distributed between phases according to a (variable) partition coefficient estimated from experimental data by Ludwico and Rosen [10] , and such coefficient is unaffected by temperature or the molar masses; iii) the St monomer, the PS chains, and the PB chains are partitioned among the phases according to the ternary diagram of Fig. 1 [9] , and such equilibrium is unaffected by temperature, molecular weights, or the presence of the GC and solvents; iv) the phase volumes are calculated by simple addition of the chemical species volumes; v) in each phase, the "gel effect" depends on the polymer volume fraction; vi) the phase inversion occurs when the PS-rich phase volume and PB-rich phase volume are equal; and vii) after the phase inversion, the increased viscosity prevents the mass transfer of polymers between phases, with all the free PS produced in the rubber particles accumulating in the particle occlusions [2] . This article investigates (both theoretically and experimentally) the thermodynamic partition of t-DDM in blends of St/PS/PB/t-DDM; and then, the effect of t-DDM partition on the molecular macrostructure of the produced HIPS.
Experimental Results

A. Partition of t-DDM in St/PS/PB blends
Consider the 12 experiments of Tables 2 and 3. The global compositions of each blend were chosen for emulating monomer conversions of 7, 9, 11, 13, and 15 % ( Table 2 ). The PB was a medium-cis from Intene Enichem, Italy. The St monomer and the 2 PS commercial grades of low and high molar masses (indicated as PS l and PS h , respectively) were kindly provided by Petrobras Energía S.A. (Argentina). The St was vacuum-distilled. The t-DDM was Fluka AG, CH-9470 Buchs (95% purity). Graft copolymer was not included in the blends, to facilitate the phase separation and experiments were carried out at room temperature to avoid the thermal monomer initiation. The molar concentration of the total t-DDM in each blend is presented under 0 ] X [ in Table 3 , and except for Exps 4 and 5, it was about 0.037 mol/L. The molecular weights of the employed polymers were measured by size exclusion chromatography (SEC), and they are presented at the bottom of The chromatograph was a Waters 1515 fitted with a complete set of 6 μ-Styragel TM columns and a Viscotek 200 detector (containing a specific viscosity sensor and a differential refractometer). The carrier solvent was tetrahydrofuran at 1.0 mL/min, and the system was at room temperature. The injection volumes were 0.25 mL at a nominal concentration of 1.0 mg/mL. Tab. 3. Partition of t-DDM at room temperature: experimental determinations and model predictions (in Italics).
Exp. The base polymers and the St monomer were stirred together at 125 rpm by means of a helix impeller for about 12 h, until complete dissolution. Then, t-DDM was added and the mixture stirred for 24 h (blending time). In order to separate the phases, the mixtures were centrifuged at 6000 rpm and at room temperature for periods that varied between 2 and 4 hrs. Once a neat interface was observed, the upper (PB-rich) phase was extracted with the help of a syringe. . T-DDM concentration in the PS-rich phase was determined by integrating the PS, St, and t-DDM bands, while the t-DDM concentration in PB-rich phase by integrating the PB, St, and t-DDM bands. Finally, the partition coefficients for t-DDM ( X K ) were calculated through Eq. (1), and are presented in Table 3 and in Fig. 3 .
At all the investigated monomer conversions, the values of X K were almost constant and close to unity, showing a slight preference toward the PS-rich phase ( X K <1). This is in accord with previous results for several initiators and St by Kruse [9] , Ludwico and Rosen [10] , and Bertin et al. [11] . Also, for changing values of the t-DDM total concentration, the variations of X K was lower than 5% (Table 3) . Partition coefficients were similar irrespective of the PS molar masses, as expected for high molar mass polymers. However, a higher viscosity of the PS-rich phase could have delayed the time for attaining the equilibrium. Thus, the negligible effect of the PS molecular weights on t-DDM partition is an indication that the (24 h) blending time is sufficient to reach equilibrium conditions. 
B. Polymerizations
Two (mainly-isothermal) batch polymerizations of St in the presence of 5.14% w/w of PB were carried out at 120 ºC. The PB and St monomer were taken from the same stock as that employed in the St/PS/PB/t-DDM blends. The chemical initiator (I) was BPO (Riedel-de Haën, analytical grade, purity over 98%). The solvent was toluene (E. M. Science, Darmstadt, Germany). Except for the presence of the CTA, the two experiments were almost identical, and the recipes contained: 776.58 g of St; 82.64 g of toluene; 0.589 g of BPO; and 46.62 g of PB. In what follows, Reaction 1 indicates the experiment carried out in absence of t-DDM and Reaction 2 the experiment in the presence of t-DDM. In Reaction 2, the weight fraction of CTA ( X w ) was 0.05% w/w. 
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For both reactions, the Prepolymerization stages were carried out in a 2 L stainlesssteel reactor, while the finishing stages were carried out in glass ampoules. The prepolymerization reactor contained an external heating jacket for the isothermal oil, an internal cooling coil for cold water, and a single turbine-type stirrer. Along the Prepolymerizations, samples were taken by means of a special sampling device fit at the reactor bottom. In both reactions, the Prepolymerizations were as follows. First, the PB was dissolved in the monomer at room temperature for 12 h in a glass flask. Then, the solvent (together with CTA in Reaction 2) was added until 1 L was completed, and the solution (containing about 10% in volume of toluene) was loaded into the reactor. Nitrogen was bubbled for 10 min to eliminate the dissolved oxygen, and the temperature was raised from room temperature to 70 ºC at 1 ºC/min. Then, the initiator was incorporated, and the prepolymerization started. The temperature was further increased at 1 ºC/min until the final reaction temperature of 120 ºC was reached. Along the Prepolymerization, the reaction mixture was stirred at 125 rpm, and the temperature was manually controlled by manipulating the heating bath temperature and the flow rate of the internal cooler. Also, several 20 mL-samples were taken. The polymer of each sample was precipitated in 200 mL of methanol containing hydroquinone as inhibitor and dry ice to lower the temperature. The prepolymerization was stopped when the monomer conversions reached approximately 30%. For the Finishing stage, the prepolymers were loaded into several 10 mm o.d. glass tubes by means of a vacuum pump. Then, the tubes were sealed and maintained for 29 h in isothermal oil baths at 120 ºC. Along this final stage, the tubes were sampled, introduced into an isopropyllic alcohol-liquid air mixture, broken, and their contents analyzed.
The monomer conversion (x ) and the St grafting efficiency ( St E ) were measured along the polymerizations. The conversion was calculated from the ratio between the total mass of polymerized St and the initial mass of St, while the St grafting efficiency was calculated from the ratio between the mass of grafted St and the total mass of polymerized St. Both variables were determined by solvent extraction-gravimetry [12] . First, the solvent and the unreacted St were eliminated under vacuum at room temperature until constant weight, and the total polymer mass was measured. Then, the St conversion was calculated after subtraction of the original PB mass. The free PS was extracted from approximately 0.3 g of the total dry polymer, as follows: a) 10 mL of methyl ethyl ketone (MEK) were added to the polymer; b) the mixture was agitated for 12 h in a centrifuge tube, and the tube was centrifuged for 2 h at 7000 rpm; c) the soluble portion was separated; d) 10 more mL of MEK were added into the insoluble, and the procedure was repeated; e) the two PS solutions were mixed together, the total PS was precipitated with methanol, and the precipitate was dried until constant weight; f) the centrifuge tube was dried under vacuum until constant weight, and the total mass of insoluble (i.e.: the GC + the unreacted PB) was determined; g) the grafted PS mass was obtained from the difference between the insoluble mass and initial PB mass; and h) the St grafting efficiency was obtained from the ratio between the grafted and total bound St masses. Also, the Molecular Weight Distributions (MWDs) and average molecular weights of the isolated free PS were determined by SEC, employing the same equipment and procedure as previously described. Figure 4 shows the experimental results for the 2 investigated reactions. The evolutions of the monomer conversion for both reactions are overlapped (Fig. 4a) indicating that t-DDM does not affect the polymerization rate. As expected in Reaction 2, lower average molar masses of the total free PS are observed due to transfer reactions to the CTA (Fig. 4c) . It should be noted that the CTA reduces the molar masses of both the free and grafted PS [12] . Also, the grafting efficiencies are lower in Reaction 2 (Fig. 4b) . This is because in Reaction 2 the PS-branches are shorter, even though the concentration of Bd units and initiator (and consequently the number of PS-branches per GC molecule) are almost equal for both reactions.
Theoretical Results
A. Partition model of St/PS/PB/t-DDM blends
The Flory-Huggins model [1] was employed for estimating the distribution of species in St/PS/PB/t-DDM blends. Following Kruse [9] , Ludwico and Rosen [10] , and Bertin et al. [11] , it is here assumed that after phase separation point, the PS and PB chains are totally incompatible. The following expressions are obtained from the equality of the species chemical potentials in both phases:
with:
where subscripts i , k , and n represent the chemical species, and subscript j indicates either the PS-rich phase (1) or the PB-rich phase (2); 
where k G is the total mass of species k . The PS and PB total incompatibility is written as follows:
The interaction parameter k i, χ between a low molar mass species i and any species k is obtained from the solubility parameters ( k δ ), as follows [13] :
The volumes of the PS-rich and PB-rich phases are simply calculated through:
Finally, the partition coefficients of the low molar mass result [see Eq. (1)]:
Equations (2)- (8) were solved through a Newton-Rapson numerical method. For a given St/PB ratio, the phase separation point was estimated when (for increasing PS/St ratios) the concentrations of all species were positive real numbers. The model inputs are: the global composition of the blend, the temperature, and the numberaverage molar masses of PS and PB. The model outputs are: the phase separation point and the species composition in each phase. The model parameters were directly adopted from the literature, and are presented in Table 4 . The simulation results are in Figure 3 and Table 3 , and a reasonable agreement with measurement is observed. Theoretical predictions indicate that the phase separation points occur at monomer conversions of about 1.5%. This value is in accord with literature data for St/PS/PB systems at room temperature [9, 10, 17] . Also, it is observed that phase separation points and CTA partitions are almost unaffected by the base PS molecular weights (compare Figs 3a and 3b) . Figure 3 presents additional simulations that consider conditions closer to a typical HIPS prepolymerization (i.e., temperature of 120 ºC and a CTA global fraction X w of 0.05%). At 120 ºC, negligible variations of X K are predicted. However, when X w is reduced to 0.05% w/w, then the t-DDM distribution results quite affected (while at lower monomer conversions x <9%, it shows a higher preference for the PB-rich phase; at relatively higher conversions x >9% the opposite is observed). Unfortunately, these model predictions cannot be verified with simple blending experiments (due to the St thermal initiation at higher temperatures, and to the impossibility of detecting such low t-DDM concentrations by 1 H NMR).
Tab. 4. Parameters of the Partition
B. Model for the polymerization of St in the presence of PB (and t-DDM)
The model by Casis et al. [2] was extended to include transfer reactions to the CTA. The main assumption is that free radicals generated by transfer to the CTA have the same reactivity of a primary PS radical ⋅ 1 S (Table 1) The polymerization model consists of the following mass balances derived from the global kinetic mechanism of Table 1 . 
Free Radicals
The following expressions assume pseudo-steady-state for the free radical species:
After the phase inversion, the free PS accumulates in two regions: the occlusions (indicated by subscript o), and the continuous phase (indicated by subscript c). Casís et al. [2] derived the following equations for the mass balances corresponding to each of these regions: 
Unreacted PB
The mass balance of the unreacted PB is obtained from the detailed kinetic mechanism by Casís et al. [2] , as follows:
where ) ( P B b is a PB species with b repeating units of Bd.
Graft Copolymer
The mass balance of the GC is also obtained from the detailed kinetic mechanism by Casís et al. [2] , as follows: Veffect, the instantaneous outputs of the polymerization model were used as inputs of the partition model, and the resulting evolution is presented in Fig. 5a . (Fig. 4) . The predicted CTA concentrations in each phase are shown in Fig. 5b . After the phase separation, the CTA is partitioned between the two phases and exhibits a preferential accumulation in the PB-rich phase up to a monomer conversion of x =6.98%. Thereafter, the opposite is observed. According to the model, at the polymerization end, approximately a half of the initial CTA has been consumed, and it is preferentially accumulated in the PS-rich phase. For the free PS molecular weights, the model predictions of Figs 5c and 4c show an initial drop that was not observed in the measurements. The reasons for the high initial PS molecular weights are the (lower) reaction temperatures during the initial heating ramps (Fig. 4a) . (At lower temperatures, termination by recombination prevails over transfer reactions.) Between the phase separation and the phase inversion, the free PS is produced in both phases, but it only accumulates in the PSrich phase. After the phase inversion (x ≈12%), the free PS accumulates in two regions: the continuous phase, and the particle occlusions. According to the model, the molecular weights of the free PS accumulated in the particle occlusions are lower than those of the continuous region (Fig. 5c ). This is in accord with the observation by Fischer and Hellmann [3] . Figure 5d shows an initial drop in the GC molecular weights due to the higher probability of grafting of the longer PB chains. For the same reason, the average molecular weights of the unreacted PB decrease monotonically along the polymerization (Fig. 5d) . After this initial drop, GC molecular weights increase because of the grafting-over-grafting process (Fig. 5d) .
Conclusions
The partition of t-DDM between phases in St/PS/PB/t-DDM blends was investigated for determining its effect on the molecular macrostructures of HIPS along the bulk process. The partition experiments involved blends that emulated several monomer conversions, 2 base PS samples, and 3 different CTA concentrations. In all cases, the partition coefficients were all close to unity. Even though no adjustments were applied, the predictions of the partition model were in good agreement with the measurements. Simulated results suggest that temperature has a negligible effect on the CTA partition, while the CTA total concentration exhibits a strong influence.
Two polymerizations (with and without CTA) were investigated. As expected, CTA reduces both the St grafting efficiency and the free PS molecular weights, but it does not affect the monomer conversion. The polymerization model by Casís et al. [2] was extended to consider the reactions with CTA. The model results for x , St E , and average molar masses of free PS are in accord with the measurements. The model also calculates the unmeasured molecular structures of unreacted PB and GC.
In future, we shall extend the new heterogeneous model to calculate the average particle morphology.
